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Abstract. The saturation of impurity-rich accessory phases in a Cc-analog baseline

ceramic formulation for the immobilization of excess plutonium has been tested by

synthesizing an impurity-rich baseline compositions at 1300°C 1350°C and 1400”C in air.

Impurity oxides are added at the 10 wt% level. The resulting phases assemblages are

typically rich in pyrochlore, Hf-zirconolite (hafnolite), brannerite and rutile, but in many

instances also contain an accessory mineral enriched in the impurity oxide. The

concentration of that oxide in coexisting pyrochlore sets the saturation limit for solid

solution of the component in question. In most cases, the accessory phase does not contain

significant amounts of Ce, Gd or U. Exceptions are the stabilization of a Ca-lanthanide

phosphate and a phosphate glass when PzO~ is added to the formulation. PzO~ addition is

also very effective in reducing the modal amount of pyrochlore in the form relative to

brannerite. Addition of the sodium-aluminosilicate, NaAISiOd, also results in the

formation of a grain bounday melt at run conditions, but the fate of this phase on cooling

is not well determined. At temperatures above 1300°C, addition of 10 wt~o FezO~ also

leads to melting. Substitution of cations of different valences can also be associated with

model-dependent changes in the oxidation state of uranium via charge transfer reactions.

A set of simple components is suggested for the description of pyrochlores in both

impurity-free and impurity-rich formulations.

1. Introduction

A primary goal of the Plutonium Immobilization Project is to determine the phase

equilibria for the baseline ceramic formulation (Ebbinghaus et al. 1999) as a function of

potential processing conditions and variations in chemistry. These variables will effect the

partitioning of the various elements among the phases which constitute the wasteform, and

may also lead to the formation of additional phases which may or may not include either

plutonium or neutron absorbers. In a companion document, we considered the effect of

changing oxidation state on the phase equilibria of cerium- and thorium-substituted analogs

with and without alumina (Ryerson and Ebbinghaus, 2000). Here we assess the effects of

potential wastestream impurities on the phase assemblage in a Cc-substituted analog.

The baseline formulation (Table 1) is designed to produce a pyrochlore of composition

(cN.&lGl.ZZw0,zsuIJ.44‘%.22)Ti207, and rutile of composition (HfozTio,8)02. The target phase
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assemblage comprises 95 wt% pyrochlore and 5 wt% rutile. While plutonium is the

element of major interest, the formulation also contains hafnium, gadolinium and uranium

to act as both neutron absorbers in the wastefonn itself, or in possible dissolution products

(Ebbinghaus et al, 1999). When synthesized under relatively oxidizing conditions (air or

argon) in the temperature range 1300- 1400”C both the Pu-bearing and Cc-analog materials

have been shown to crystallize a hafnium-rich analog of zirconolite, CaHtTiz07 (referred to

here as “hafnolite”), and brannetite, (nominally, UTiz06) in addition to pyrochlore and

rutile. The appearance of these phases maybe attributed to variations in the oxidation states

of cerium, plutonium and uranium, as well as to the presence of additional impurity

elements that may stabilize these phases.

Fortunately, both zirconolite/hafnolite and brannente are known to be chemically

durable, and their appearance in the wasteform may not have deleterious effects upon it

ability to immobilize plutonium (cf., Bourcier et al., 1999). However, potential waste

streams can contain a broad array of chemical constituents, and the ability of a pyrochlore-

brannerite-hafnolite-rutile assemblage to incorporate other elements without the formation

of additional phases (subsequently referred to as “accessory phases”) depends upon the

solubilities of such elements in pyrochlore, brannerite, hafnolite, and rutile. These

volubility limits can be determined by measuring the amount of a particular element in each

of the primary phases when they coexist with an accessory phase in which the impurity

element can be considered as essential structural constituent. For instance, the volubility of

nickel oxide in pyrochlore in a NiO-rich composition is fixed when pyrochlore coexists

NiTiO~. Here we have imposed the saturation of a number of such accessory phases on a

Cc-analog of the baseline composition by adding -10 wt% of the impurity oxide to the

composition (Table 1).
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2. Starting materials andexperimental methods

The goal of this investigation was to assess the effects of impurities in the waste stream

on the phase equilibria of the baseline composition. This allows us to make relatively

small batches, 1-2 g, of starting materials from mixtures of hydroxides, nitrates, hydrated-

nitrates, carbonates, arnmoniates and oxides (Appendix A). As many of the starting

materials were extremely hydroscopic, we determined the useful oxide yield of each

reagent by loss on ignition. Starting materials were ground by hand under ethanol in an

alumina mortar and pestle. The resulting slurry was dried under a heat lamp producing a

paste; due to the hydroscopic nature of the starting materials, a fully dry powder was never

obtained at this stage of the preparation procedure. The paste was then transferred to a Pt

crucible and calcined in air at 1000”C for at least 3 hours. This calcine was then reground

by hand under ethanol in an alumina mortar and pestle prior to the addition of a polyvinyl

alcohol solution to act as a binder. The calcine-polyvinyl alcohol slurry was dried under a

heat lamp and then ground dry in an alumina mortar and pestle to obtain a free-flowing

powder. Individual samples were hand-pressed in a stainless steel die and piston to

produce disks approximately 2 mm thick, with an outside diameter of <5 mm, weighing

-50 mg.

A bottom-loading Deltech furnace was used to anneal samples equilibrated in air.

Samples were loaded in open Pt crucibles that were then placed on the lower platen of the

furnace and hydraulically lifted into the furnace that was already at run temperature.

Temperature was monitored using a Pt-Rh thermocouple placed within 5 mm of the

sample. Samples reached run conditions within 2-4 minutes after insertion, and run

duration was always in excess of 24 hours. Runs were quenched by lowering the platen

and removing the crucibles that then cooled in air, reaching room temperature in less than

five minutes.
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3. Sample characterization

The sintered disks were mounted in epoxy and then polished with alumina grits prior to

final polishing with colloidal silica. The polished mounts were then carbon coated for

SEM and electron probe analysis. Compositional analysis was performed on a JEOL-733

electron probe using wavelength dispersive analysis. The probe was operated at an

accelerating voltage of 15 KV with a beam current (measured in a Faraday cup embedded

in the standard holder) of 5-100 na; lower currents were used on beam sensitive materials

such as silica glass. X-ray intensities were reduced to oxide concentrations using the ZAF

method as revised by Armstrong et al. (1995). The standards used in these analyses are

given in Appendix B. Two notable x-ray interferences were observed. The WI line

interferes with the Gd ml requiring the use of the Gd Ml line, and in the Th-bearing

samples, the Th~Bl interferes with the U~a ~.lrequiring use of the U~bl line.

4. Results

In many of the experiments presented here, the addition of 10 wt% of a waste stream

impurity oxide resulted in the formation of an accesso~ phase coupled with limited

solution of the impurity element in the pyrochlore-brannerite-hafnolite-rutile phase

assemblage (Table 2). We have divided the elements into two groups depending upon

whether there is “appreciable” dissolution of the impurity element in pyrochlore. Weight

fractions of phases in runs performed at 1350”C were determined by linear regression of

the average phase compositions and the “as-made” bulk compositions of the samples

(Table 3).



Table 2. Run Results
Starting

Run # Composition Variation T (C) Phases

1/1 Hf-Ce-U 1300 pyr, bm, rut

1/2

1/3

2/1

2/2

2/3

3/1

3/2

3/3

4/1

412

4/3

5/1

5/2

5/3

6/1

6/2

6/3

7/1

7/2

713

8/1

8/2

8/3

9/1

912

9/3

10/1

10/2

11/2

11/1

11/3

Ml
Ml
Ml
M2
M2
M2
M3
M3
M3
M4
M4
M4
M5
M5
M5
M6
M6
M6

M7
M7
M7
M8
M8
M8
M9
M9
M9

M1O
M1O
Ml 1
Mll
Mll

Hf-Ce-U
Hf-Ce-U
Hf-Ce-U + P
Hf-Ce-U + P
Hf-Ce-U + P
Hf-Ce-U + CaF2
Hf-Ce-U + C@z
Hf-Ce-U + CaF2
Hf-Ce-U + FqOg
Hf-Ce-U + Fez03
Hf-Ce-U + FezO~
Hf-Ce-U
Hf-Ce-U
Hf-Ce-U
Hf-Ce-U + MgO
Hf-Ce-U + MgO
Hf-Ce-U + MgO
Hf-Ce-U + AlzO~
Hf-Ce-U + AlzOq
Hf-Ce-U + AlzO~
Hf-Th-U
Hf-Th-U
Hf-Th-u

Hf-Ce-U + CaO
Hf-Ce-U + CaO
Hf-Ce-U + CaO
Hf-Ce-U +10% SiOz
Hf-Ce-U +10% Si02
Hf-Ce-U +10% FeAlzO1
Hf-Ce-U +1O% FeAlzO1
Hf-Ce-U +1O% FeA1201

1400

1350

1300

1400

1350

1300

1400

1350

1300

1400

1350

1300

1400

1350

1300

1400

1350

1300

1400

1350

1300

1400

1350

1300

1400

1350

1300

1350

1300

1350

1400

pyr, bm, rut
pyr, rut
brn, rut, CLP, P~glass
brn, rut, P-glass
brn, rut, CLP, P-glass
pyr, pv, hfn
pyr, pv
pyr, pv
pyr, bm, hfn, ilm
melted
melted
pyr, bm, rut
pyr, bm, rut
pyr, bm, rut
pyr, hfn, pv, MgTi-1
pyr, pv, MgTi-1, MgTi-2
pyr, pv, MgTi- 1, MgTi-2
pyr, bm, hfn, cor, rut
pyr, brn, hfn, psd
pyr, brn, hfn, psb
pyr, bm, rut
pyr, bm, rut
pyr, bm, rut
pyr, pv
pyr, pv
pyr, pv
brn, rut, glass
brn, hfOz, glass
py, hfn, psd
py, hfn, psd
melted

All runs performed in air.

Py=pyrochlore, brn=brannerite, ru=rutile, hfn=hafnolite, pv=perovskite, CLP=calcium-

lanthanide phosphate, P-glass=phosphorus-rich glass, MgTi-l=MgTiO~,

MgTi-2=MgzTiOg, psb=psuedobrookite, cor=comndum, C’TA=calcium-kmtlmnide
titanium aluminate, Ga=’’galonite”, croxy=CrXOY,Ni-Ti=NiTiO~, Ca-Mo=calcium

molybdate, Ca-W=calcium tungstate



Table 2 (cont.). Run Results
Starting

Run # Composition Variation T (C) Phases

12/2 Hf-Ce-U +10% MgAlzO1 1300

12/1

12/3

13/2

13/1

13/3

14/2

14/1

14/3

15/2

15/1

16/2

16/1

17/2

17/1

17/3

18/2

18/1

1813

19/2

19/1

20/2

20/1

20/3

21/2

21/1

2212

22/1

P229

P232

P243

M12
M12
M12
M13
M13
M13
M14
M14
M14
M15
M15
M16
M16
M17
M17
M17
M18
M18
M18
M19
M19
M20
M20
M20
M21
M21
M22
M22
P229
P232
P243

Hf-Ce-U +10% MgA120J
Hf-Ce-U + 10’%oMgAlzOA
Hf-Ce-U +10% CaAlzOd
Hf-Ce-U +10% CaAIzO,
Hf-Ce-U + 10% CaAlzOq
Hf-Ce-U +lO~o GdzO~
Hf-Ce-U +10% GdzOq
Hf-Ce-U +10% Gd20q
Hf-Ce-U + 107o NaAISiOd
Hf-Ce-U +10% NaAISiO
Hf-Ce-U +20% NaAISiO
Hf-Ce-U +20% NaAISiO
Hf-Ce-U +10% NiO
Hf-Ce-U +10% NiO
Hf-Ce-U + 10% NiO
Hf-Ce-U + 10% CrzO~
Hf-Ce-U +10% CrzO~
Hf-Ce-U + 109o Cr20a
Hf-Ce-U +10% GazOg
Hf-Ce-U +107o GajO~

Hf-Ce-U + 10% Mn02
Hf-Ce-U + 10% MnOa
Hf-Ce-U + 10% MnOz
Hf-Ce-U +10% CUO
Hf-Ce-U +10% CUO
Hf-Ce-U +10% ZnO
Hf-Ce-U + 109o ZnO
Hf-Ce-U + 109ZOMoOq
Hf-Ce-U + 109o WO~
Hf-Ce-U +10% NbzO~

1350

1400

1300

1350

1400

1300

1350

1400

1300

1350

1300

1350

1300

1350

1400

1300

1350

1400

1300

1350

1300

1350

1400

1300

1350

1300

1350

1350

1350

1350

py, hfn, psb

py, psb
melted
py, hfn, CTA, cor, rut
py, hfn,CTA

py, hfn,CTA
py, brn, rut
py, bm, rut
py, bm, rut
py, hfn, rut, glass
py, hfn, glass
py, hfn, qlass
py, hfn, qlass
py, hfn, Ni-Pv
py, hfn, Ni-Pv
melted
py, hfn, rut, crxoy
py, hfn, rut, crxoy
py, hfn, rut, crxoy
py, hfn, Ga
py, hfn, Ga

PY~Pv
PY*Pv
PY,Pv
py, rut
py, rut
py, hfn
py, rut
py, bm, Ca-Mo
py, bm, rut, Ca-W
py, bm, rut

All runs performed in air.

Py=pyrochlore, brn=brannerite, ru=rutile, hfn=hafnolite, pv=perovskite, CLP=calcium-

lanthanide phosphate, P-glass=phosphorus-rich glass, MgTi-l=MgTiO~,

MgTi-2=MgzTiOA, psb=psuedobrookite, cor=corundum, CTA=calcium-lanthanide

titanium aluminate, Ga=’’galonite”, croxy=CrXOY,Ni-Ti=NiTiO~, Ca-Mo=calcium

molybdate, Ca-W=calcium tungstate



+
!

:
g

o
Q
o

o
=

o
0

0
0

0
0
0

0
0

0
0

0
0

0
0

0
0
0

0

m
C
o
g
o

3
0

0
0

0
0

0
0

0
0
0
0

0
0

0
0
0

25
pq

o
00,

o



o
r
.
o

0
0

0
0

m
o

00
0

00
0

00
0

0
‘s

8
0

0

0
~

0
0

0
0

0
~

o
0

0
0

0
0

0
0

0
0
0

w
-
l

o
0

0
~

o
0

0
0

0
0

0
0

0
0
0

0
0

~
o
o
o

2
23

0
0

0
m

o
0

0
0

00
0

0
0

0
00

0
Lgo

00
80

qo

0
p

o
0

0
0

0
0

0
0

0
0
0

0
0

~
0
0

0
8

mo
0

0

0
c
-
!o

0
0

0
0

0
0

0
0

0
0
0

0
~

o
0

0
8

m
o

0

0
r
.
o

0
g

o
0

0
0
0

0
0

0
0
0

0
0

0
0

s
o

0
0

0
M

o
0

~
o

0
0

0
0

0
0

0
0
0
0

0
0

0
0

ao

0
0

0
0

0
0

0
00

oo~
o

0
00

0
00

80

0
0

0
0

0
0
0

0
0

oo~
00

0
0

0
0
0

80

0
~

o
0

0
0

0
0

0
0

~
0
0

0
0
0

0
0

0
..

g
o

0

0
&

o
0

0
0

0
0

0
o
~
o

0
0

0
0
0
0
0

~
m

o
0

~
o
~
o
o
o
o
o

O
o
o
o
o
o
o
m

0
0
0

b
-
l

m
o

0
23

0
0

0

~ocoooooo
O
o
o
o
o
o
o
g

0
0
0

r
-

C
q

8
u

0
0
,

0

0
00

n
o

00
0

0
0

0
0

0
0

0
0
0

0
0

2$0

0
0

0
-

0
0

0
0

0
0

0
0

0
0
0

0
0

0
0

~



J g
+
1

p
o

0
.

0
0

0
0

0
0
0

0
0
0

0
0
0

0
0

0
2!

2
z

o

cl



4.1 Insoluble Impurities

4.1.1 The baseline assemblage

Two Ce-analog baseline mixtures were synthesized in order to compare the resulting

phase assemblage asa function of starting materials (Plate 1). The first, Ml, was made

fromacombination of nitrates, ammoniates and oxides, while thesecond, M5, was made

strictly from oxides and carbonates. Runs were performed in air at 1300°C, 1350°C and

1400”C and produce the assemblage pyrochlore+rutile~brannerite (Table 3). Brannerite

was found in all of the runs synthesized from oxides, and in all but the 1350°C run from

the Ml compositions. Its absence in run “1/3” may simply be the result of small

variations in bulk chemistry, kinetics, or difficulties associated in detecting phases with low

modal abundance

Plate la. Backscattered electron image of Cc-analog baseline formulation sintered at

1350°C in air (1/3). Phase assemblage includes pyrochlore (py) and rutile (m).

13



The compositions of the individual phases do not show significant variation as a

function of either starting material or run temperature (Tables Cl and C2). The typical

pyrochlore composition (see sample 1/3, Table Cl) is

cal,02ce0.25Gk.23 ~0.16u0.35)~il.@ II.06&.112)06TA, in which Ce replaces l%, is somewhat

different from that in the nominal baseline formulation, (C~,8gG~,22~o,23 UoWPUo22)TizOT.

The observed Ce/Gd ratio in pyrochlore, 1.02, is equal, within error, to that in the bulk

composition, 1.04, and is consistent with the modal predominance of this phase. The

observed analog pyrochlore composition is higher in calcium than that used in the target

formulation, however. Mass balance, therefore requires the presence of a phase with lower

calcium content, explaining the common occurrence of brannerite. The observed

pyrochlore is also slightly lower in titanium and uranium than that of the baseline model.

Plate lb. Backscattered electron image of Cc-analog baseline formulation sintered at

1350”C in air (5/3). Phase assemblage includes pyrochlore (py), brannerite (bin) and

rutile (m). Materials synthesized from oxide and carbonates only.

Brannerite displays little run-to-run variation in chemistry, and has an average

composition Of (Cqll Ceo,22G4,15Hf0,12U0,4~)Til,g505,T; the Ti-site is essentially full. The

average rutile composition, (UOolHfo,wTioJ02,is smnewhat depleted in hafnium relative to

the target composition used in the formulation, (Hf0,2Ti08)Oz. The disparity can be resolved

14



by minor variation in the modal abundance and also by the presence of brannerite in most

runs.

Using the average phase compositions given above, and the “as-made” composition of

Ml, the modal phase proportions determined by linear regression are 75*8 wt%

pyrochlore, 24*7 wt% brannerite and 2&l wt% rutile. These proportions are substantially

different from the target concentrations, reflecting the disparity between target and observed

phase compositions.

Both pyrochlore and brannerite are oxygen deficient for stoichiometries based upon

Ce+3and U“. For instance, if uranium and cerium are assumed to be present as +4 and +3

cations, respectively, then the average pyrochlore has only 6.7 oxygens per 4 cations, rather

than the ideal 7 oxygen per formula unit (pfu). These disparities can be resolved if some

combination of U and Ce are present in a higher oxidation state. Unfortunately, a unique

valence distribution cannot be determined from chemical analysis alone.

Fortner et al. (1999) have de~emined the valence of Ce and U in a ceramic formulation

similar to that presented here by XANES and EXAFS spectroscopy. They find that

cerium exists in a mixed oxidation state (Ce”/ZCe -0.33) and that uranium is present

largely as the pentavalent species (personal communication, 1999). It is likely, however,

that addition of other components will perturb the valence states of these cations even at

constant external conditions. By assuming a fixed CeA/xCe ratio, we calculate the

“average valence” of uranium based on the ideal 4/7 and 3/6 stoichiometries of

pyrochlorehfnolite and brannerite, respectively. As various combinations of valence

states can satisfy the ideal stoichiometry, the result obtained is not unique, nor does it

resolve the distribution of uranium among Uti, U+5 and U%.

If we assume that CeQ/xCe -0.33, we obtain average valence for uranium (expressed

as x in UOX) of 2.62t0.08 (28), which is equivalent to U+5X, for our experiments on the
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impurity-free baseline composition (Tables 4 and 5). The agreement between this

calculation and the spectroscopic determinations of Fortner et al. (1999), suggests, that

while our calculation cannot provide a unique valence determination, it does, however,

allow simple comparison between different materials, and can act as monitor of the effects

of minor element addition.

4.1.2 The baseline assemblage with 10 wt % A1Z03

The addition of AlzOJ to the baseline formulation stabilizes hafnolite and an Al-rich

accessory mineral (Table 2). At 1300°C the Al-rich phase is corundum in equilibrium with

rutile. At higher temperatures, these phases react to form Al-psuedobrookite, AlzTiO~. The

individual phases are 5-10 ~m in diameter with brannerite and Al-psuedobrookite being

Plate 2. Baseline forrmdation with 10 wt% AlzOq added. Sintered at 1350”C in air

(7/3). Phase assemblage includes pyrochlore (py), brannerite (brn), hafnolite (hfn) and

rutile (m).

somewhat elongate (Plate 2). The phases fractions for the 1350”C run are given in Table 3,

and indicate that pyrochlore remains the most abundant phase (-52 wt%). Both corundum

and Al-psuedobrookite are essentially free of constituents other than AlzO~ and TiOz (Table

C3). Hafnolite contains -4 wt% A1,OJ and has the structural formula (C~,gG~l~)(A1-



,WGOIO~O,,,UO,l,)~il,, &ti)O ~gz at 1350° C. The close approach to 7 oxygens per 4

cations is consistent with uranium and cerium being in the +4 and +3 oxidation states,

respectively.

The compositions of pyrochlore and brannerite (Table 6) are virtually identical to those

in the baseline formulation, and contain insignificant amounts of AlzO~. Pyrochlore

contains only -0.4 wt% AlzO~ and brannerite -1.4 wt%. The structural formula for

pyrochlore at 1350°C is (Ca10~&OxG~,zl~0,0gU0,q8)mil,~l HfO.w~.O~)“b,, and that of

brannerite is C~Og~O,uG~,l~~O,WUO&TilWAOll O~&, and as is the case with the impurity-

free baseline sample they are oxygen deficient which is mostly likely indicative of uranium

in an oxidation state greater than +4. If Ce~/XCe=O.33, the average uranium valence, UOX,

is close to x=2.7 and is within error of the value obtained for the impurity-free baseline

formulation, consistent with the overall similarity in phase composition and the low

concentrations of AlzO~ in brannefite and pyrochlore.

The low concentrations of AlzO~ in pyrochlore and brannetite indicate that even small

amounts of AlzO~ in the waste stream will result in either the formation or hafnolite on an

Al-rich accessory phase. For instance, if the desired phase assemblage was formulated to

produce a pyrochlore-rutile assemblage, molar ratio above 0.08 moles AlzO~/mole of PuOZ

would result in the stabilization of Al-psuedobrookite at 1350°C. However, the Al-rich

accessory phases do not alter the ratio of Pu to neutron absorbers in pyrochlore or

brannerite, and they contain no plutonium. As such, its presence will have negligible effect

on the wasteform performance.

4.1.3 The baseline assemblage with 10 wt % FezO~

For materials synthesized at 1300”C the addition of 10 wt% Fe20~ yields results

similar to those observed for the AlzO~. Iron stabilizes hafnolite, and a Fe-rich accessory

phase, ilmenite (Table 2). With the exception of a small amount of HfOq, ilmenite contains

only iron and titanium. However, pyrochlore and brannerite do contain significant iron and
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are somewhat different in composition from those in the baseline composition (Table C4).

Pyrochlore has the structural formula (Ca10gCeOfiG~,lJFe0,07UOA~)flilg~~0,0T&,~Fe007)OGJ~

and contains -2.4 wt% FeO. Brannerite, (C~,ll Ceo.mG~.lo HfO,MUO.Ag)~11.84 AkI.01Feo.17)05.39

and contains -3 wt% FeO. Of the primary phases hafnolite contains the highest

concentration of iron at -11 wt%. The concentration of iron in hafnolite,

U )(Til.W&.03Feo.07)05.g4>(c%.(j2&0,17G&u0.05)@e0.56~0.32 0.12 alters the nominal phase

proportions such that the weight fractions of both pyrochlore and hafnolite are -40 wt% of

the sample (Table 3). The presence of iron also appears to alter the partitioning of neutron

absorbing elements relative to that in the impurity-free Cc-analog, as the Ce/Gd ratio in the

pyrochlore in this run is 1.7 while that in the baseline composition is -1.

When calculated as Ce+3, U~ and Fe+z, pyrochlore, hafnolite and brannerite are quite

oxygen deficient, 6.5 oxygens/4 cations and 5.9 oxygens per 4 cations, respectively, and

the deficiency correlates with iron concentration. However, if Fe is cast as Fe+3 values of

UOXclose to those of the baseline formulation and Alz03-doped run products are obtained,

suggesting that the iron is present primarily as Fe+3 in these materials. This is not the case

for the ilmentie-hematite phase (FeTi03-Fez03) in which the Fe+3/ZFe = 0.41. the

substitution of Fe+3 for quadravalent cations may enhance the volubility of lanthanides in

pyrochlore via Ca+2 + U~ = 2 Gd+3.

Stewart et al. (1999) added Fe along with a suite of other divalent cations (Mg, Co, Ni,

Cu, Zn, -16 wt% total) to the baseline formulation. Instead of ilmenite, they observed an

ulvospinel-rich spinel solid solution (~Ti04, where M is a divalent cation). The difference

between the two sets of experiments can be explained by the ability of Fe to exist as Fe+z

and/or Fe+3 rather than to be wholly divalent. As such, Fe+3 stabilizes the ilmenite solid

solution by increasing the activity of Fez03, while divalent cations favor ulvospinel.

Ilmenite is also stabilized by the higher Ti/Fe ratio of our materials.
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A more serious concern with respect to the addition of Fe is that samples synthesized at

1350”C and 1400”C both melted and could not be recovered for analysis. The presence of

a eutectic in the pyrochlore-brannerite-hafnolite-ilmenite field at these temperatures limits

the compositional range for successful synthesis. If the composition of pyrochlore is taken

as a limit on the Fe content, then the limiting ratio of Fe could be as low as 0.56 moles for

FeO/mole of PuOZ. Perhaps a more realistic estimate can be obtained by eliminating

ilmenite from the assemblage and combining pyrochlore, hafnolite and brannerite in a

0.4:0 .4:0.2 weight ratio yielding an composition with a ratio of moles FeO per mole of

PuOZ equal to 1.6. An absolute upper limit is given by the composition of hafnolite in

which the moles for FeO/mole of PuOZ is 3.74.

4.1.4 The baseline assemblage with 10 wt~o MgO

The assemblages resulting from the addition of MgO vary with synthesis temperature

(Table 2). At 1300°C pyrochlore, hafnolite, perovskite and MgTiO, coexist. At 1350”C

hafnolite disappears and is replaced by MgzTiOA (Plate 3). Finally at 1400”C perovskite is

no longer part of the assemblage. However, regression analysis indicates that only

pyrochlore, which is always greater than 80 wt% of the sample (Table 3) and the Mg-

titanates are present in non-negligible amounts. In addition to Mg and Ti, the Mg-titanates

contain only HfOz in detectable amounts.

The average pyrochlore formula from the 1350”C run is

(Cal,Ol~O,~Gk.~ UO.M)Wil.Sl~O.SOM%.ZZ)Ob.j~(Table C5). The Ca content is similar to that

in previous experiments, and since pyrochlore is the only modally significant lanthanide-

bearing phase, the Ce/Gd ratio approximates that of the starting material. The Hf

concentration of pyrochlore is somewhat higher than that of materials containing either

brannerite or hafnolite.

The Ti content of both pyrochlore and hafnolite are significantly lower than that in the

impurity-free or Al-doped runs (Table C 1, C2, C3 and C5). If, due to its small cationic
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Plate 3. Backscattered electon image of baseline formulation with 10 wt% MgO added.

Sintered at 1350”C in air (6/3). Phase assemblage includes pyrochlore (py), perovskite

(pv) and two magnesium titanates, MgTiO, (MgTi-1) and MgzTiOl (MgTi-0

radius, Mg+2 substitutes for Ti on the Ti-site, then the Ti-site will be charge deficient. One

way to maintain charge compensation is to oxidize either U and/or Ce on the A-site. This

appears to be the case. For Ce~/xCe=O.33, the average uranium valence of pyrochlore is

-U02g as opposed to UO 2,Gin the impurity-free baseline formulation run products. A

similar calculation for the hafnolite yields UOZ,7at 1300° C (Table C5). Another product of

the low Ti content is that the A-site is now free of Hf that resides only on the Ti-site. This

could effect the partitioning of hafnium and explain the elevated hafnium concentration

levels in the pyrochlores produced here. The addition of MgO may also effect the

partitioning of uranium by coupled substitutions such as,

Mg+2 + U% = 2Ti~

Indeed, the hafnolite in the 1300° C run contains 22.7 wt% U02, about 3 times more than in

the hafnolites from the Al-doped run products.
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Stewart etal. (1999) added Mgalong with asuiteof other divalent cations (Mg, Co,

Ni, Cu, Zn, -16 wt% total) to a Cc-analog formulation and observed an ulvospinel spinel

solid solution, ~TiOA, where M is a divalent cation. The MgzTiOA observed here is

equivalent to that phase. As the Mg-titanates contain no significant nuclides and the

pyrochlore composition is not substantially altered by the presence of Mg, it appears that

MgO may be accommodated in unlimited concentrations. The major effects are the

stabilization of hafnolite and the Mg-titanates and to a lesser extent perovskite.

Incorporation of MgO in these phases may also effect the valence states of U, Ce and, by

extension, Pu.

4.1.5 The baseline assemblage with 10 wt% NiO

The addition of NiO results in a phase assemblage that is largely pyrochlore and

NiTiO~ with minor hafnolite at 1300°C and 1350”C (Table 2, 3 and C6, Plate 4). The

NiTiO~ is the major repository of Ni and also contains -4 wt% HfOz, but no other neutron

Plate 4. Baseline formulation with 10 wt% NiO added. Sintered at 1350°C in air (17/1).

Phase assemblage includes pyrochlore (py), hafnolite (hfn), and Ni-titanate (Ni-Ti).
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absorbers or cerium. Hafnolite also contains NiO (-6 wt%), but is modally insignificant

(Table 3). The pyrochlore formula (1350°C) resembles that in previous runs and is given

bY ‘he ‘Omula> (ca1.00Nkl.13~0.24Gk,23~0,01 ‘0,39 )@il.79~0.21 )06.63“ ‘s ‘iere ‘e ‘0 ‘tier

lanthanide-bearing phases present, the Gd/Ce ratio is that of the starting material. Nickel

addition may also effect valence states as it increases the divalent cations content of the A-

site in pyrochlore and the B-site in hafnolite. The UOX values at 1350”C, assuming

Ceti/2Ce=0.33 are x=2.85 and x=2.7, respectively, for pyrochlore and hafnolite. Oxidation

of uranium or cerium maintains charge balance. As such, the only real effect of adding Ni

to the sample is to produce radionuclide and neutron absorber-free NiTi03, and therefore

does not limit the composition of the wastefonn.

4.1.6 The baseline assemblage with 10 wt% CUO

The results from experiments at 1300”C and 1350°C in which CUO was added are

equivocal, as it appears to have almost completely volatilized, producing the baseline

assemblage pyrochlore plus rutile (Table 2, 3 and C7). Minor amounts of CUO are

Plate 5. Baseline formulation with 10 wt% CUO added. Sintered

(21/1). Phase assemblage includes pyrochlore (py) and rutile (m).
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detectable in pyrochlore at the 1-2 wt% level, but are close to detection limits in rutile

(Table C7). One noticeable feature of the CuO-beting runs is the relatively large grain size

(Plate 5); pyrochlore grains are in excess of 30 pm in diameter relative to 10 ~m or less in

most other runs. This suggests that CUO may have acted as a flux during sintering of these

materials. In fact, a run at 1400°C melted. Given the intended processing range of 1300-

1350°C it is likely that CUO will not limit the composition of the wasteforrn as it will be

lost to volatilization. However, caution should be exercised for production sized material

where rapid sintering of the outer portions of a puck could inhibit volatile loss from the

interior, enhancing the potential for melting. Otherwise, the pyrochlore and rutile

compositions and the values of UOX required for stoichiometry, x=2.68, are virtually

indistinguishable from the baseline formulation run products (Tables Cl and C7)

4.1.7 The baseline assemblage with 10 wt% ZnO

The results of ZnO-bearing runs are quite similar to those from the Cu-bearing

experiments (Table 2, 3 and C8). The Zn-bearing runs have grain sizes near 30 ym,

similar to those in the Cu-bearing runs (Plate 6), suggesting that ZnO may also act as a

flux during sintering. At 1350°C the assemblage is pyrochlore plus rutile. The

concentration of ZnO in both phases is close to the detection limit. However, at 1300°C

the assemblage is pyrochlore plus hafnolite. Pyrochlore contains -2 wt% ZnO and

hafnolite greater than 7 wt%. Clearly, Zn stabilizes hafnolite at the expense of rutile. It is

also clear that the volatilization of Zn increases between 1300”C and 1350”C.

Using the normal structural assignments, zinc enters the A-site in pyrochlore and the

B-site in hafnolite. Like Ni and Mg addition, the zinc increases the number of divalent

cations on these sites requiring charge excess on adjacent sites, or in a system of fixed

composition, increases in cation valence. The later is the case here, as the average uranium

valence for the 1300° C Zn-bearing runs, UOz,~7 and UOz,~. in pyrochlore and hafnolite,

respectively, are higher than those of the 1350° C runs where Zn has been volatilized.
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Plate 6. BackScattered electron image of baseline formulation with 10 wt% ZnO added.

Sintered at 1350”C in air (2/3). Phase assemblage includes pyrochlore (py) and rutile

(m).

The 1350”C run does not contain a Zn-rich accessory phase, and as such pyrochlore

and hafnolite are not buffered with respect to Zn-concentration. This is also the case in the

experiments of Stewart et al. (1999) where Zn was added with a suite of other divalent

cations (Mg, Co, Ni, Cu and Zn, -16 wt% total) which resulted in a pyrochlore, hafnolite,

perovskite, ulvospinel assemblage. Ulvospinel was the high Zn-phase and the

concentration of Zn in hafnolite was 0.11 Zn per 4 cations as opposed to 0.39 Zn per 4

cations. Hence, it appears that zinc addition has little effect on the phase assemblage, other

than to stabilize hafnolite when added alone, or hafnolite and spinel when added with an

excess of other divalent cations.

4.1.8 The baseline assemblage with 10 wt % CrzO~

The addition of Cr20~ stabilizes hafnolite and is also strongly incorporated in rutile

(Table 2,3 and C9, Plate 7). Also present is a poorly characterized sub-mircon size Cr-rich

phase; due to the inability to obtain quantitative analyses of this phase, it was not included

24



in the regression in Table 3, it is however a minor constituent based upon SEM

characterization (Hate 7). Regression analysis indicates that hafnolite is present only at the

wt% level. This is reflected in the pyrochlore composition in which the Ce/Gd ratio is that

of the starting material as it is the only lanthanide-bearing phase in the assemblage.

Along with chromium, the rutiles in these experiments also contain significant

uranium. For instance, the structural formula for the rutile from the 1350”C run is

UOWCrO,ll~,O,T~,,Olg,. Uranium incorporation can be accomplished by substitutions such

as,

U+5 + cr+3 ~ 2 TiM

The change in rutile chemistry is also reflected in that of pyrochlore composition which

has -1.75 Ti per 4 cations here as opposed to -1.9 Ti per 4 cations in rutile-saturated

impurity-free run products. The incorporation of additional species in rutile decreases the

Plate 7. Backscattered electron image of baseline formulation with 10 wt% Crz03 added.

Sintered at 1350”C in air (18/1). Phase assemblage includes pyrochlore (py) and

hafnolite (hfn), rutile (m) and CrxOy (Cr).

25



activity of TiOz in the rutile solid solution and, hence, the entire assemblage, resulting in

lower TiOz contents in the coexisting phases. The reduction of Ti on the Ti-site also results

in a charge deficit (Table C9) which can be compensated by oxidation of uranium and

cerium. This is reflected in uranium valences of -UOz,g in pyrochlores from Cr-doped

runs relative to UOz,bzin the impurity-free baseline run products.

Stewartet al. (1999) added CrzO~ along with Al, Mn, Fe, and Ga to a Pu-bearing

baseline formulation and obtained a pyrochlore-hafnolite-magnetoplumbite-lovenngite

assemblage in air at 1350”C. Chromium partitioned into hafnolite relative to pyrochlore,

but was most strongly enriched in magnetoplumbite and loveringite. Formation of these

phases requires additional components be present (iron and gallium in particular). The

absence of such elements here explains the presence of Cr-oxide. Cr-oxide buffers the

CrzOq activity at values greater than those imposed by magnetoplumbite and loveringite.

This is reelected in higher chromium contents in the hafnolites from our experiments, 0.34

Cr per 4 cations versus 0.14 Cr per 4 cations in the run products of Stewart et al. (1999).

So, while the addition of CrzO~ alone does not significantly alter the composition of

pyrochlore or result in the formation of radionuclide-bearing accessory phases, the

presence of other trivalent cations can stabilize more complex Cr-bearing phases.

Fortunately, neither the magnetoplumbite nor Ioveringite produced by Stewart et al. (1999)

for such compositions contain significant plutonium or uranium.

4.1.9 The baseline assemblage with 10 wt% FeAJO,

Ryerson (1984) has described Synroc formulations for US Defense waste

immobilization in which zirconolite and perovskite coexist with mixed transition metal

aluminate spinels. To evaluate the potential effects of spinel saturation on the current

formulation aluminate components were added to the baseline composition.

At 1300°C and 1350°C the addition of 10 wt% FeA120A yields the assemblage

pyrochlore, hafnolite and Fe-psuedobrookite (Table 2,3 and C1O). Pyrochlore contains 1-
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1.5 wt% FeO with trace AlzO~. The average structural formula is

(Cal.OZFeO.Os~O.fiG~.~~O.~UO.sg)@il.8S~O.O7&,OsFeO.o~)Oc.G~,maintaining the Ce/Gd ratio

(-1) of the sttiing materials. Hafnolite, with the structural formula (CW@Ceo,l,G~x

UO.OZ)(AIO.lsFeO.sl~0.47”0.10)(A!116 Til.84)06.76Y‘s stabilized ‘hrough ‘nco~oration ‘f both ‘e

and Al at the -3.5 wt% and the -5 wt% levels, respectively (Table 13). This is not

unexpected since both Fe and Al alone stabilize hafnolite. Both pyrochlore and hafnolite

have less than 7 oxygens per 4 cations when calculated on the basis of Fe+z, Ce+3 and I- J”.

If we assume Fe+3, Ceti/ZCe=0.33, ideal stoichiometries for pyrochlore and hafnolite

are obtained for UOZ7 and UOz,~l, respectively at 1350”C. These values are

indistinguishable from those obtained in the Al- and Fe-doped runs suggesting that the Fe

valence in all runs is Fe+3.

Stewart et al. (1999) have added Fe and Al together with Cr, Mn and Ga to both Ce-

analog and Pu-beting formulations. In air and Ar at 1350° C loveringite was the saturating

accessory phase enriched in both Fe and Al. The chemically more complex loveringite,

(C%.1G4.35M0.73 U0.45ce0.45)(A13.02cr1.67~.81 ‘el.74Ga4.16Ti7.5)023

is clearly stabilized by the presence of Ga, Cr, Mn, etc. In the absence of additional di- and

trivalent cations we observe Fe-Al psuedobrookite (A116Feo4)Ti05 which is free of Ce, Gd

and U. In more complex compositions the effect of Fe-Al additions will depend upon the

other cations present and the chemical durability of phases like loveringite.

4.1.10 The baseline assemblage with 10 wt% MgAl,O,

At 1300°C and 1350”C the addition of 10 wt% MgA120A yields assemblages

containing pyrochlore and Mg-psuedobrookite (Table 2, 3 and C 11, Plate 8). Hafnolite is

also found in the 1300”C experiment and contains -1.5 wt% MgO. Pyrochlore contains

less than 1 Wtvo MgO, and has the structural formula
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u )~iu#o.16Ako3M%09)06.68 ‘ith ‘he ‘Otinal ce/Gd‘atio ‘f ‘e(c%.gg@I.fiGk.22 0.37

starting material.

Mg-psuedobrookite, M&,#ll,oTi@~, like the Fe-psuedobrookite from the PreViOUS

section has virtually no Ce or Gd, but does contain HfOz at the -3 wt~o level. Mg-Al

psuedobrookite clearly buffers the Mg content of pyrochlore at a lower value than MgzTiOL

or MgTi03 in the MgO-doped runs. As such, the Ti-site has -1.9 Ti per 4 cations

requiring little Mg on the Ti-site, which precludes a charge deficiency on this site. This is

reflected in lower UOXvalues, x=2.76.

Plate 8.

added.

and psu

MgAlzOd

dore (py)

4.1.11 The baseline assemblage with 10 wt% CaA120,

As is the case with the addition of AlzO~ alone, the addition of CaAlzOA to the baseline

formulation leads to the stabilization of hafnolite and a number of aluminate phases (Table

2, 3, C 12, Plate 9). Pyrochlore is present in all runs and has the structural formula

(1350°c) (Cal,l,CeomG~,l,~ o.11U0,,6)(A~.03~O,OSTil.,S)Ob.b.Hafnolite is also present in runs
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conducted at both 1300° C and 1350°C and contains -3.5 wt% A120~. Brannerite does not

appe~ in any of these runs, which may be a result of the increased Ca concentration.

The elevated Ca activity is apparent in the pyrochlore chemistry which has greater than

1 Caper 4 cations in these materials. Like the addition of other divalent cations, addition of

Ca to the A-site in pyrochlore requires oxidation of uranium or cerium to maintain

stoichiometry, reflected here as UO ~g~assuming Ceti/ZCe=0.33.

Plate 9. Backscattered electron image of baseline formulation with 10 wt% CaAl,O,

added. Sintered at 1350°C in air (13/1). Phase assemblage includes pyrochlore (py)

and hafnolite (hfn) and psuedobrookite (psb),

The aluminate assemblage varies with temperature (Table 2). At 1300”C corundum

and rutile coexist with a calcium-lanthanide aluminotitanate. At 1350”C the calcium-

lanthanide aluminotitanate (CTA) is the only Al-rich phase present. The nominal CTA

stoichiometry is 12 cations/19 oxygens, (C~,7b~2q~G~,w)(M8zTizT~)Olg (in the 1350°C

experiment) and is similar to the magnetoplumbite structure analogs found in wasteforms

formulated for US Defense wastes (Ryerson, 1984, Morgan et al., 1981). Unlike many of

the titanate phases encountered here, CTA appears to preferentially incorporate the light

lanthanide elements, and contains little gadolinium (c 1 wt%). CTA also contains no
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uranium. If cerium is an adequate analog for plutonium in this phase, then these results

indicate that a Pu-bearing phase with virtually no neutron absorbers will be produced by the

addition of calcium and aluminum together. In this connection, Stewart et al. (1999) found

no detectable Pu in magnetoplumbite in a Pu-bearing formulation with enriched levels of

Al, Cr, Mn, Fe and Ga synthesized in air at 1350”C. The compositions required to

eliminate CTA from the wasteform can be estimated using the compositions of pyrochlore

and hafnolite from our 1350”C run. For instance a CTA-free material with 10 wt$%

hafnolite and 90% pyrochlore would have an AlzO#%Oz ratio of O.13; 20% hafnolite and

80% pyrochlore yields AlzO@0,=0.21.

4.1.12 The baseline assemblage with 10 wt % MoOS

A single experiment conducted in air at 1350”C to which 10wt% MoOS was added

(Table 2, 3, C13) resulted in the assemblage pyrochlore-brannerite and the Ca-molybdate,

powellite. The Ca-molybdate is nominally CaMoOg which contains -1 wt% each CeOz

and G~03 and insignificant uranium. Molybdenum is also slightly soluble in pyrochlore

and contains 1.73 wt~o and has the Wuctural formula,

caI.wce0.21 ‘~.26~0.12u0.36 @il.SlHfo,13MOo,06)06.76.The number of Ti cations/4 total cations,

1.81, is lower than that in the baseline assemblage, -1.9, and is likely due to the

incorporation of Mo on the Ti-site. Substitution of Mo% for Ti results in excess charge on

the Ti-site. This can be balanced by reduction in the valence of Ce and U on the A-site. As

such the valence of uranium here is UOz,~7. Brannerite contains negligible molybdenum.

The composition of a CaMoO1-free assemblage is fixed by the volubility of Mo in

pyrochlore. The molar ratio MoO1/CeOz in this pyrochlore is 0.27; at higher Mo contents,

a molybdate is likely to form. However, since the phase contains little of the plutonium-

analog element, Ce, it is unlikely to degrade the durability of the waste form.
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4.1.13 The baseline assemblage with 10 wt% WO~

The addition of 10 wt% WO~ to the baseline assemblage has an effect similar to that of

MoOS, resulting in the stabilization of scheelite, CaWOd, coexisting with rutile, brannerite

and pyrochlore at 1350”C in air (Table 2, 3, C14). However, unlike molybdenum,

tungsten has significant volubility in pyrochlore which contains 14.37 wt% WO~. Stewart

et al. (1999) observed a similar preference of pyrochlore for tungsten relative to

molybdenum in experiments where pyrochlore coexisted with a powellite-scheelite solid

solution. The pyrochlore structural formula is (Cal,Ogce0.19Gk.22~0.15 u0.36)(Til.6SW0.02w0.31)

o,02.Unlike many of the pyrochlores discussed above, the Ti content of this pyrochlore is

well below that of the baseline, and the number of oxygens/4 cations is close to the ideal

stoichiometry of 7. The low Ti content is due to the incorporation of W on the Ti-site. The

ideal stoichiometry is obtained by casting uranium as Uw and Ce as Ce’3. The apparent

reduction of uranium and cerium is the result of the excess charge on the Ti-site resulting

from the exchange of W% for Ti~. This is balanced by a charge deficit on the B-site which

can be achieved by reduction of uranium. The presence of rutile in this sample compared

to its absence in the Me-doped runs is also a product of tungsten occupying the Ti-site in

pyrochlore. This produces excess Ti which stabilizes rutile. Brannerite also incorporates

some tungsten (Table C14).

The high concentrations of tungsten in pyrochlore allow very

on the amount of tungsten that can be safely incorporated in the

loose limits to be placed

ceramic. A WOJICeO,

ratio of 1.68 would yield a CaWO~-free ceramic containing only pyrochlore.

4.1.14 The baseline assemblage with 10 wt% PzO~

Phosphorus, a potential glass-former, was added to the baseline formulation at the 10

wt% level and sintered at 1300°C, 1350”C and 1400”C (Table 2, 3, C15; Plate 10). PzO~

has a profound effect on the wasteform mineralogy at these concentration levels,

eliminating the characteristic phase, pyrochlore, from the assemblage. Instead, the

31



assemblage found in these compositions is brannerite - rutile - Ca-lanthanide-phosphate

(CLP)&phosphateglass. The phosphateglass clearlypenetratesthe grain edgejunctions of

the coexisting solid phases at each temperature. Ca-lanthanide-phosphate, CLP, has the

nominal formula CaG,zCeOIG~JTiO,zPA,gOm..CLP is missing from the assemblage at

1400”C, indicating that the CLP liquidus lies between 1350°C and 1400°C.

Plate 10. BackScattered electron image of baseline forrmdation with 10 wt% PzO~

added. Sintered at 1350°C in air (2/3). Phase assemblage includes brannerite (brn) and

a calcium-lanthanide phosphate (CLP), mtile (m) and phosphate glass (gl).

In the absence of pyrochlore, the phosphorus-bearing phases become the major hosts

for the Pu-analog element, cerium. The phosphate glass contains 16-18wt% CezO~

compared with -7 wt% in brannerite and CLP. Both phosphorus-bearing phases have

Ce/Gd ratios close to unity, but are essentially devoid of uranium and hafnium which are

largely concentrated in brannetite.

The effect of P20~ addition can be represented by its reaction with the endmember

pyrochlore components, CaUTiz07 and LnzTiz07 (where Ln is a lanthanide),
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6CaUTiz07 +1/2 LnzTiz07 + 2.5 PzO~e CaGLnlP~ON + 6UTizOG+ TiOz

(Py) + (m) + (P205) e (CLP) + (brn) + (rut)

in which PzO~reacts with pyrochlore to form CLP and additional brannetite. The reaction

demonstrates that each mole of PzO~ consumes more than twice as many moles of

pyrochlore. In these experiments the amount of PzO~ added was sufficient to consume all

of the pyrochlore present. Smaller PzO~ additions would result in a pyrochlore-brannerite-

rutile-CLP*P-glass assemblage. However, the due to the absence of pyrochlore in these

runs, we are unable to determine the PzO~ concentration in pyrochlore when it coexist s

with a phosphorus-rich accessory mineral. However, PzO~ in phosphorus-rich-accessory

mineral-saturated brannerite is below detection. Assuming that pyrochlore concentrates

similar quantities of PzO~, yields the conservative approximation that any addition of PzO~

will result in the stabilization of a phosphorus-rich accessory mineral. This is supported

by the work of Stewart et al. (1999) who were unable to detect PzO~ in pyrochlore,

hafnolite and brannerite coexisting with a silicate that contained 3 wt% P,O~.

4.1.15 The baseline assemblage with 10 wt % SiOz

The addition of SiOz at the 10 wt% level also results also results in a pyrochlore-free

assemblage at 1300”C and 1350”C (Table 2, 3, C 16). Here the absence of pyrochlore is

explained by its dissolution in a compositionally unusual high-TiOz silicate glass. The

glass contains only 15 wt% SiOz and 32 wt% TiOz. In addition the glass is high in

Ianthanides, hafnium and uranium (Table C16). The conesiting brannerite is slightly

higher in HfOz than the baseline run products, but otherwise very similar. Neither

brannerite nor rutile contain detectable SiOz.
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4.1.16 The baseline assemblage with 10 and 20 wt% NaAISiO,

Sodium is a difficult element to immoblize in a titanate assemblage, typically requiring

the addition of pentavlent cations such as niobium to allow coupled substitution such as,

Na+Nb=Ca+Ti

which promote sodium incorporation in titanate minerals (cf, Vance et al., 1991). The

alternative is to add silica and alumina to fix sodium as an alkali alumino-silicate mineral

andlor glass, as proposed for the immobilization of Savannah River wastes in a Synroc

assemblage (Ryerson, 1984). The component phases of Synroc are not stable in

assemblages with high silica activity, (e.g., in equilibrium with quartz, cf, Nesbitt et al,

198 1). Since, nepheline, NaAISiOJ is also unstable in assemblages with high silica

activities, it is a reasonable component to use in simulating the effects of alkali alurnino-

silicate additions to this Pu-disposition ceramic. Here, in an attempt to generate sufficient

quenched melt to analyze with the electron probe, we have prepared starting materials with

10 and 20 wt% NaAISiO, (Table 2,3, C17 and C18).

Samples containing 10 wt% NaAISiOQ result in pyrochlore-rutile-melt assemblages at

1300”C and 1350”C @ate 11). These samples also contain small (-1 x 10 ~m) laths of

hafnolite (Plate 12). The hafnolite is euhedral and in spite of its size relative to the

coexisting pyrochlore and rutile appears to be a part of the stable phase assemblage.

Dendritic quench crystals are also obvious in some parts of the sample (Plate 12). With

the addition of 20 wt% NaAISiOd, rutile is no longer present, and the quenched assemblage

consists of pyrochlore and hafnolite. These phases coexist with quenched melt containing

abundant dendritic quench crystals (Plate 12).
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Plate 11. BackScattered electron image of baseline formulation plus 10wt% NaAISiOA

sintered at 1350°C in air (15/1). Phase assemblage contains pyrochlore (py), hafnolite

(hfn, as small laths) rutile (m) and silicate glass (gI).

The pyrochlore composition is relatively consistent among these 4 experiments,

although different from that in the baseline assemblage, as it contains -1 wt% N%O. The

nominal structural formula for these pyrochlores is

N41AC%,~g&0,~G~,m~0,1U0,qg(Til,g7HfOlz)OG,b~compared to that in the baseline material,

%Mceo,z ‘%23m0.21 uo.3g@il.89Al.ol)06.7. Based upon the decreased calcium content of the

Na-bearing pyrochlore, it appears that sodium replaces calcium in the structure. Given the

similarity in the other cation concentrations, the exact substitution is difficult to determine.

It is possible that Na is accommodated through a change in the oxidation state of either

cerium or uranium,

Na+ + U’S = Ca+2 +Uw

or

Na+ + Ceti = Ca+2 +Ce+3
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Values of UOX are all more oxidized than UOzg which is consistent with these reactions

(Table C17 and C18). None of the pyrochlores contains detectable SiO,, and the Ce/Gd

ratios are all close to unity, the same as the ratio in the starting material.

The hafnolites contain -2.5-3.0 wt% AIZOJ. This is slightly lower than the Al,O~

concentrations in hafnolites from the experiments in which they coexist with corundum or

Al-psuedobrookite (section 4. 1.2). Like the other hafnolites observed, the lanthanides are

fractionated with a Ce/Gd ratio of-0.5.

PY

Plate 12. Backscattered electron image of baseline formulation plus 20 wt% NaAISiOA

sintered at 1350”C in air (16/1). Phase assemblage contains pyrochlore (py), hafnolite

(hfn, as small quench crystals), and silicate glass (gl).

Analysis of the glass phase is complicated by the presence of quench material (Plate

12). This is especially true for the samples containing 20 wt% NaAISiO, (Plate 12).

Nevertheless, by focussing analyses on regions with low concentrations of quench crystals,

clear trends in melt composition as a function of temperature are revealed. The glass

composition at 1350”C is rather unusual, containing only 15 wt% SiOz and 43 wt% TiOz

(Table C18). The 1350°C glass also contains significant amounts of Ce, Gd, Hf and U.

Relative to the 1350”C glass composition, that of the 1300°C run is higher in Na, Al, and
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Si, but lower in Ti, Ce, Gd, Hf and U. The Ce/Gd ratio is >2 in the glass, reflecting the

strong fractionation of the Ianthanides by hafnolite. Partition coefficients between

pyrochlore and melt, D@m’lt(= wt% in pyrochlore/wt% in melt) are less than unity for Na,

Al and Si, and greater than unity for Ce, Gd, Hf and U ~i is complicated by the

appearance of rutile which buffers its concentration in the melt). The compositional trends

with temperature are exactly what one would predict from simple mineral-melt

fractionation – depletion of pyrochlore-compatible elements and the enrichment of

pyrochlore-incompatible elements. Most importantly, the trend indicates that the silicate

melt will become increasingly depleted in radionuclide and neutron absorbers during slow

cooling and continued crystallization of the melt. Analysis of the melt compositions from

the 20 wt% NaAISiOi runs leads to identical conclusions.

Much like the silicate melt bearing materials described in section 4.1.15 (10 wt% SiOz

added to the baseline formulation), the titanate phase assemblage is incapable of

accommodating more than trace levels of silica, and at least in these “quench experiments”

we have not observed silicate mineral phases such as titanite, CaTiSiO~, that could

conceivably coexist with Ti-rich mineral assemblages. Given the proposed processing

conditions (Ebbinghaus et al., 1999), any silica in the wasteform will result in the presence

of a silicate melt during sintering. The compositional evolution of this melt during cooling

observed here suggests that the eventual glass phase may be low in radionuclides and

neutron absorbers, however, and may not have a deleterious effect on the chemical

durability of the fonm. Time-temperature-transformation studies of the melt composition

and crystallization are needed to validate and quantify these effects.

Interestingly, in the absence of silica, this titanate assemblage can accommodate

sodium without the addition of pentavalent cations such as niobium or tantalum. This is

facilitated by charge-transfer reactions involving uranium and cerium (and presumably Pu

in the full radioactive equivalent of the Cc-analogs). Using the pyrochlore composition

37



from run 15-1, the molar NzqO/PuOz limit precluding the formation of an accessory phase

is 0.29.

4.1.17 The baseline assemblage with added calcium

CaO is a major component of the wasteform. However, the activity of CaO is not

buffered by a specific phase as is the case for TiOz, which is fixed by the presence of rutile

in the baseline assemblage. While addition of TiOz will result in more modal rutile,

variations in CaO concentration will qualitatively change the phase assemblage (Table 2, 3).

This is clearly the case in experiments where 10 wt% CaO was added to the baseline and

results in the phase assemblage pyrochlore and perovskite (Plate 13) at 1300”C, 1350°C

and 1400”C. Neither rutile nor brannerite is observed in any of the runs.

Plate 13a. Backscattered electron image of baseline formulation plus 10 wt% CaO

sintered at 1350°C in air (3/3). Phase assemblage contains pyrochlore (py), perovskite

(pV).

The qualitative changes observed in the phase assemblage due to variations in the

activity of CaO are also reflected in quantitative changes in the pyrochlore chemistry (Table

C19). For instance, the structural formula for the pyrochlore in the 1350”C run on the

CaO-doped material is Cal,zlCeO,mGk.lgUO.As~il.58w0.39A1.01 )06.59 compared to
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Cal,MG~.2~‘0.11‘0.39 ‘0.23 uil.89 ~o.loAl,ol)06,7 in the undoped baseline material at the same

temperature. The number of Ca per 4 total cations exceeds the more typical value of -1 in

most other runs. As the overall structural formula for pyrochlore, &Ti207, possesses 2

equivalent A-sites there is no structural constraint precluding more than one Ca per formula

unit. Rather, in these high variance assemblages, the typical single Ca per formula unit

reflects the bulk composition rather than a limit imposed by phase equilibria or crystal

chemistry. The Ce/Gd molar ratio in pyrochlore remains close to unity in all runs, despite

the change in the Ca-content. The high Ca content is also reflected in uranium valences

greater that U02,,, (Table C19).

Plate 13b.

sintered at

(pV).

Backscattered electron image of baseline formulation plus 10

1350”C in air (3/3). Phase assemblage contains pyrochlore (py),

wt~o caF2
perovskite

Perovskite has somewhat lower lanthanide concentrations than the coexisting

pyrochlore and is virtually free of uranium (Table C19). At 1350”C the nominal perovskite

formula is (CN,gTCeo.mGk.05Hf0.01)TiLOI03.08. The excess oxygen (calculated for Ce+3) may

indicate the presence of minor cation vacancies in these perovskites.
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Calcium was also added to the baseline formulation as CaFz (10 wt%) in an attempt to

saturate the assemblage in fluorite. Microprobe analysis failed to detect any fluorine-

bearing phase however, indicating that fluorine was lost due to volatilization at high

temperature (Table C20). The primary phase assemblage in the CaFz-doped experiments ‘

is pyrochlore and perovskite, and is similar to those observed in CaO-doped runs (Table

2). The only exception is the presence of hafnolite in the 1300”C (3/1, Table C20). In

addition, CaFz appears to have enhanced densification and grain growth relative to CaO

(Hate 13), presumably resulting from rapid grain boundary transport due to the escaping

molten or vapor phase.

The chemistry of pyrochlore in the CaFz-doped materials differs somewhat from those

in the CaO-doped samples. For instance, the structural formula for the pyrochlore

produced in the 1350°c Cal?z-doped experiment is

cal,17 (ce0.19G~.17~0.11 u0.38)~il.83~0.16 )06.65“ The Ca concentration is again greater than 1

as a result of increased CaO-activity. However, the Hf/Ti ratio of this pyrochlore is lower

than that in the CaO-doped samples. As the compositions of the perovskites in both

materials is essentially the same (Table C 19 and C20), the variation in the Hf/Ti ratio can

only result in a change in bulk composition. However, the “as-made” compositions have

the same Hf/Ti ratio (Table 1). The presence of hafnolite in some runs may resolve this

paradox, if hafnolite nucleation was somehow enhanced by the presence of a fluorine-rich

volatile phase early in the experiment. If this early hafnolite failed to re-equilibrate, it

would effectively decrease the Hf/Ti ratio in the remainder of the sample. Comparison of

the structural formulas for the CaO- and CaFz-doped runs demonstrates that the variation

in this HflTi ratio is accommodated on the Ti-site, with the concentration of Hf on the A-

site remaining constant. This observation may be valuable in predicting the change in

pyrochlore chemistry with variations in Hf/Ti.
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4.1.18 The baseline assemblage with 10 wt % MnOz

The addition of MnOz to the baseline formulation also results in the stabilization of

perovstite attheexpense of brannefite andmtile (Tables 2and C21, Plate 14). Unlike the

addition of CaO in which CaO is concentrated in and thereby stabilizes perovskite,

manganese is actually partitioned into pyrochlore (Table C2 1). At 1350°C the pyrochlore

stoichiometry is (c%.72G%.19ceo.19 m.a~o.12uo.w)uil.87 ~0,n144.01 )06,62o Notably) the Ti-

site occupancy is -2 cations/4 total cations which essentially precludes the incorporation of

Mn on that site. Unlike all of the previous samples discussed, however, the Ca

concentration on the A-site is much less than 1, equaling 0.72 Ca per 4 total cations.

Similarly, the concentrations of Ce and Gd are lower in these pyrochlores than in the

baseline formulation processed under identical conditions; 0.19 vs 0.25 Ce per 4 cations

Plate 14. Backscattered electron image of a baseline formulation plus 10 wt% MnOz,

sintered at 1350 C in air (20/1). Assemblage includes pyrochlore (py) and perovskite

(pV).

and 0.19 vs 0.23 Gal/4 cations for the Mn-doped and baseline formulations, respectively

(Tables 4,5 and C21). The decreased Ca and Ianthanide concentrations are balanced by the

incorporation of manganese. Clearly, the strong affinity of manganese for pyrochlore
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releases Ca and lanthanides to the matrix that in turn stabilize perovskite. The Ce/Gd molar

ratio of the Mn-doped pyrochlore is not significantly different from those of the baseline.

The uranium content is also similar.

When calculated on the basis of Ce”/xCe=0.33 and Mn+2, the average uranium

valence is Heater than UO~. This requires that all uranium be hexavalent or Ceti/xCe

greater than 0.33. Alternatively, Mn could be present in a higher valence state that would

allow more typical values of UOXand Ce+/zCe.

The perovskites in the Mn-doped runs are very similar to those observed in the CaO-

doped experiments (section 4.1.17 and Table C19 and C20). The T-site is essentially filled

by Ti, with small amounts of Hf and Al, and uranium is barely detectable. The Ce/Gd

molar ratio is slightly less than one. The only significant difference in the perovskites from

the Mn-doped runs is the decreased Ca content that is compensated by the presence of

manganese.

Like the pyrochlores described for other formulations, those in the Mn-doped runs are

oxygen deficient for stoichiometries calculated on the basis of Ce+3, Uti Mn+2 and no cation

vacancies. Unfortunately, given the number of possible combinations of valence states that

could be used to reconcile the non-stoichiometry, no unique solution can be obtained based

upon the observed chemistry alone. For instance, at 1350°C conversion of all the uranium

to U% and cerium and manganese as +3 and +2, respectively yields close-to-ideal

stoichiometry, 6.90 0/4 cations. Other combinations including Uti, U+5, CeM and Mn+3

would yield equivalent results. The uncertainty in valence states propagates into similar

uncertainties regarding pyrochlore components and the reactions that describe phase

changes due to manganese addition. Possible reactions include the following in which

rutile and pyrochlore components are consumed and perovskite and Mn-bearing

pyrochlores are produced,

G~Ti,O, + 2Mn0 + 3 TiO, ~ Mn,Ti,O, + 3G~, ❑ ,,,TiO, + 1/2 0, 18.1
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18.2

where •l represents a vacancy. Reactions 18.1 and 18.2 illustrate the consumption of

trivalent lanthanide pyrochlore to produce non-stoichiometric lanthanide perovskite and a

trivalent manganese pyrochlore, and involve no change in valence. Oxygen is involved due

to the non-stoichiometry of the perovskite components.

CaCegTiz07 + TiOz + MnO = Mn+2CeWTi20T+ CaTiO~ 18.3

Reaction 18.3 illustrates the consumption of a Ca-quadravalent Ce pyrochlore to produce

and Mn-Ce pyrochlore and a stoichiometric Ca-Ti perovskite molecule. Reactions 18.1,

18.2 and 18.3 are consistent with the reduction in Ca and lanthanides in pyrochlore and

with the stabilization of perovskite resulting from MnO addition.

Other endrnember reactions involve changes in the valence of uranium with addition of

manganese. For instance, reaction 18.4 illustrates the consumption of a pentavalent

uranium-bearing pyrochlore component, (Cal,~~UO,@‘5)Ti,0T, to produce a quadravalent

uranium-bearing pyrochlore and perovskite.

(Ca,.,,U0.ti+5)Ti207+ 0.66 MnO + 0.66 TiO, =

0.66 (MnUw)Ti20, + 1.33 CaTiO~+O.1670, 18.4

This reaction also mimics the relatively small change in uranium concentration of

pyrochlore with Mn addition and the decrease in calcium. As in the previous reactions,

rutile is consumed and perovskite created. The release of a calcium-rich component in the

reactions above, also explains the absence of brannerite in these samples, as calcium reacts

with brannerite to form additional pyrochlore.
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Since there is no Mn-rich accessory phase in these assemblages, the impurity limit for

manganese will be an issue of desired

formation.

4.1.19 The baseline assemblage with 10

The addition of 10 wt% G~O~ to the

loading levels as opposed to accessory phase

wt% G~03

baseline formulation changes the Ce/Gd molar

ratio of the mixture from -1 to -0.5, but has no effect on the nature of the baseline phase

assemblage (Tables 2 and C22, Plate 15). Experiments at 1300”C and 1350°C both yield

the assemblage pyrochlore – brannerite - rutile. When cast in the lowest potential valence

state, the pyrochlore formula from the 1350”C run is

(C%.93‘0.19 Gk.42~0.22u0.33 )~il.91~0zz)06.76 which is typically oxygen deficient. This

composition yields the ideal 4/7 stoichiometry if CeA/XCe=0.33 and the average uranium

Plate 15. Baseline formulation with 10 wt% G~03 added. Sintered at 1350”C in air

(14/1). Phase assemblage includes pyrochlore (py) and rutile (m).

valence is 5.262 (equivalent to UOX where =2.631). The Ce/Gd molar ratio in this

pymchlore is 0.46, and closely tracks the change in the overall bulk composition. As is the

case in the baseline formulation without additives, brannerite displays a preference for the
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heavier (smaller radius) Ianthanides, and has a Ce/Gd molar ratio of 0.67 in the 1350”C

experiment. The nominal brannerite formula is

(C%,~~Ce~.~~G4.~~0.~~U0.~S)~il.W~0.0Z)OS.71gwhich is oxygen deficient, and the ideal 3/6

stoichiometry is obtained if Ceq/ECe=0.33 and the average uranium valence is UOzjg.

4.1.20 The baseline assemblage with 10 wt % Ga,O~

The addition of 10 wt% G~O~ to the baseline formulation stabilizes hafnolite and a

calcium-gallium titanate with the nominal formula CaG~Ti~OIO (Tables 2 and C23, Plate

16). Brannerite and rutile were not observed. The structural formula for pyrochlore is

(cal.09G0.25G%21 m0.05u0.42)~iL85 G%om0.05)06,64 and it is typically oxygen deficient when

based on the lowest potential oxidation states. This composition yields the ideal 4/7

stoichiometry if Ce”/XCe=0.33 and the average uranium valence is U02,77. The Ce/Gd

molar ratio is -1.2, and the Gq03 concentration is 2-2.5 wt%. The pyrochlore in these runs

is similar to that in the additive-free baseline with the exception of an approximately

50% decrease in the Hf02 concentration presumably due in part to replacement by gallium.

The lower Hf concentration in pyrochlore may also be due to the presence of hafnolite

which is relatively enriched in Hf. The structural formula for the hafnolite produced at

1350”C is,

(C%.62G%24G0,14 )(G%59 ‘0.05 m0.29u0.13)~il.88 ‘0.1)06.89

Hafnolite contains less uranium than the coexisting pyrochlore (Table C23) and the ideal

4/7 stoichiometry requires an average uranium valence of UOZ,15.Hafnolite is also enriched

in gallium relative to pyrochlore containing as much as -15 wt% G%O~ at 1300° C, and

displays a strong preference for the heavy lanthanides with a Ce/Gd molar ratio of 0.57.

The accessory phase, CaG~Ti~Olo, contains greater than 30 wt% G%O~. It also

contains -5 wt% CezO~ and -7 wt% UOZ, but only -5 wt~o G~O~ and HfOz. However,
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given the ability of both pyrochlore and hafnolite to accommodate gallium, we do not

expect this phase to form under any realistic compositional or processing scenario. For

instance, an assemblage with

ratio of 0.43 would yield no

complex compositions other

instance Stewart et al. (1999)

80 wt% pyrochlore and 20 wt% hafnolite with a G%O#uOz

Ga-rich accessory phase. We note, however, that in more

Ga-rich phases may form at lower Ga concentrations. For

synthesized a baseline formulation containing Al, Cr, Mn, Fe

*V and Ga. When sintered in either AI_or air at 1350° C these materials resulted in the

assemblage pyrochlore – hafnolite – perovskite saturated with a Ga-rich accessory titanate

phase tentatively identified as loveringite. The concentration of Ga in the coexisting

pyrochlore and hafnolite were roughly 50% of what we have observed here, consistent

with the lower concentration of Ga in loveringite relative to CaG~Ti~OIO.

Plate 16. Backscattered electron image of baseline formulation plus 10wt% G~O~

sintered at 1350°C in air (19/1). Phase assemblage contains pyrochlore (py), hafnolite

(hfn) and “galonite” (ga).
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4.1.19 The baseline assemblage with 10 wt % Nb,O~

The addition of 10 wt% NbzO~ to the baseline formulation yields an assemblage

consisting of pyrochlore – brannerite – rutile - HfTiOA (Tables 2 and C24). The absence of

a niobium-rich accessory phase is explained by the ability of pyrochlore to accommodate

Nb on the T-site. The pyrochlore observed here at 1350”C has -13.5 wt% NbzO~ and the

structural formula, (Ca~~~ce~,~~Gd&@fII.luO.sT)@il.43 ‘0.08 ‘0.49 )06,92’ The molar Ce/Gd

ratio is -1.

This pyrochlore does not display the pronounced oxygen deficiency observed in most

of the other pyrochlores described here. As such, an average uranium valence state of only

U0211 is required to yield the ideal 4/7 stoichiometry (for Ce”/ZCe=0.33). This may be

related to the excess charge on the T-site associated with incorporation of pentavalent Nb

that can be charge-balanced by reducing the charge on the A-site (Table C24). In this

connection, brannerite has substantially less niobium, and a lower excess charge on the T-

site. The average uranium valence required for 3/6 stoichiometry is U02,~7.

Rutile contains only minor niobium, -2 wt%. Other than the small amount of niobium

accommodated in the hafnium-titanate,-2 wt%, no other mechanism provides a means to

explain the presence of this phase. As such, it may represent unreacted starting materials.

5.0 Discussion

The pyrochlore compositions presented here can be used to define a set of endmember

components that describe its compositional variability and can be used in formulating

additives for the potential wastestream compositions. The coordinate transformation is

accomplished by writing a series of mass-balance equations expressing the concentrations

of the initial components, in this case normalized cations, in terms of the new components.

Inversion of this matix then yields a series of equations expressing the new components in

terms of the initial components. Once established, the volubility limits observed for the
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various accessory phases can be expressed in terms of this new component set. This

recasting of the volubility limits may help to minimize the effects of coupled substitutions.

The endmember components proposed here (Table 4) were chosen based on the

following critieria:

1.)Pyrochlore stoichiometry, AZTZOVin which the 2 A-sites are equivalent and coupled

substitutions involving the A and T sites are allowed. This insures that coupled

substitutions are realistically simulated.

2.)Multiple oxidation states for cerium and uranium. The compositional trends and

results from other work at different oxygen fugacities indicate that both elements are

present in more than one oxidation state.

3.)Isolation of each impurity element in a single component. This allows the amount

of additive required to accommodate each impurity element in pyrochlore to be easily

calculated.

4.)Minimization of negative concentrations for the components chosen. Components

that yield negative concentrations when applied to the observed compositions are valid,

though of little practical use in determining the amounts of additives required by a

particular wastestream composition.

5.) While a particular set of components may yield positive concentrations for some

compositions, but result in some negative concentrations for others. We have

attempted to maximize the positive concentrations for the components that include the

major elements, Al, Ca, Ti, Ce, Gd, Hf, and U.

Table 4. Pyrochlore endmember components

NaUTi,Q
CaUTiMgO,
Ti,Al,Q
CY,Ti,Q
Mn2Ti2Q

Fe2Ti,Q

CoTi ,C$

NiTi3 Q

CuTi3~

ZnTi ,Q

Ti2Ga2~

Ca2Nb,Q
Ca2TiMo0,
Ca,Ta2~

Ca2TiW07

Gi2Ti2~

Ce2Ti,~

CaHffi2~

CaCeTiHfO,

CaUTi2~

Ca JJ0,Ti2 Q
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These criteria are actually quite restrictive. For instance, for the baseline composition we

have chosen the TizA1207, G~Tiz07, CezTizOT, CaCeTiHf07, CaHfTizOT, CaUTiz07, and

Cal,~UO~TizOTas components. Here CezTizOT accommodates Ce+3 and CaCeTiHf07

accommodates Ce~. These components restrict the concentration of Ceq in pyrochlore to

be less than that of Hf that is also present as CaHiTizOT. Similarly, uranium is present as

Uti in CaUTiz07 and U% in Cal,~UO~Tiz07. A U+5-bearing component is a linear

combination of U~ and U%-bearing components. When applied to all of the runs

containing only the major elements Al, Ca, Ti, Ce, Gd, Hf, and U only 4 negative

concentrations out of 144 are obtained (Table 5). The negative concentrations are from the

pyrochlores produced from the CaO-doped, Ca-perovskite-saturated experiments that have

Table 5. Pyrochlore component mole fractions for baseline compositions without
additives

Ti,Al,07 G4,Ti,Cl Ce ,Ti, Q CaCeTiHfO, CaHiTi ,Q CaUTi,Q Ca J-J0,Ti2~. . .-.
1/1 0.034 0.112 0.056 0.125

1/2 0.003 0.116 0.059 0.127

1/3 0.008 0.116 0.087 0.072

511 0.002 0.117 0.057 0.120

5/2 0.033 0.115 0.061 0.106

513

7/1

712

713

3/1

312

313

911

912

13/1

13/2

14/1

14/2

0.006

0.013

0.015

0.014

0.003

0.005

O.cw

O.OQ1

O.OQO

0.013

0.008

0.003

0.003

0.116

0.109

0.132

0.106

0.087

0.089

0.086

0.096

0.055

0.092

0.093

0.211

0.210

0.050

0.084

0.039

0.092

0.012

0.006

0.009

-0.105

-0.069

0.087

0.085

0.050

0.036

0.129

0.098

0.145

0.081

0.174

0.173

0.171

0.420

0.345

0.048

0.060

0.090

0.122

0.070

0.101

0.149

0.065

0.119

0.094

0.033

0.043

0.068

0.045

0.094

0.091

-0.034

-0.053

0.093

0.057

0.126

0.093

0.135 0.498

0.180 0.417

0.120 0.448

0.182 0.456

0.172 0.423

0.168 0.436

0.099 0.561

0.142 0.479

0.104 0.533

0.086 0.593

0.108 0.525

0.103 0.533

0.225 0.396

0.214 0.487

0.025 0.639

0.042 0.654

0.130 0.389

0.123 0.413

Avg. 0.C07 0.115 0.065 0.111 0.083 0.145 0.472

Std. Dev. 0.036 0.007 0.018 0.024 0.037 0.032 0.050

the highest Ca concentrations, suggesting that another set of components might be a more

appropriate choice for such compositions. Aluminum is cast at Ti#d207 in which Ti

resides on the A-site and Al on the T-site. Structurally, this is probably not the best choice
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of components for Al as Ti has a small ionic radius compared with other cations found on

the A-site. Nevertheless, we feel that is a conservative choice that would tend to result in

excess TiOz that is easily accommodated in rutile. CezAlz07 is another possible choice for

an Al-rich component, but yields almost identical results due to the low concentrations of

Al in pyrochlore.

We note that our initial choice of components included CezTizOT, CaCeTizO,,

CaUTiz07, Cal,jUO,~TizOTwhich appeared to be less restrictive in terms of fixing the

oxidation states of cerium and uranium. Unfortunately, this set of components is not

linearly independent and are related by the following equation,

The divalent transition metals, M, have been cast as MTi~07 and include CoTiq07,

NiTi~07, ZnTi~07, etc. This requires Ti on the A-site, but again represents a conservative

choice as it would result in excess TiOz. Iron, chromium and manganese are all considered

to be trivalent under proposed processing conditions and are cast as FezTizOT, CrzTizOTand

MnzTizOT. Our analysis of the compositions of pyrochlores in Mg-doped runs suggests

that Mg resides on the T-site. The Mg-component used is CaUTiMgOT in which Mg is

charged balanced by U%. Gallium is treated like aluminum and yields TizG~O,. The high-

field strength elements Nb, Ta, Mo and W reside on the T-site and are charge balanced by

replacing tri- with divalent cations on the A-site, Ca#b~OT, C%Ta~07, C%TiMo07,

C%TiW07. Sodium is cast as NaUTiz07 in which U+5 and Na+ substitute on the A-site.

This is based upon our measurements of Na-bearing, but Nb/Ta-free compositions.

Coupled substitution involving Na and Nb/Ta for Ca and Ti have been demonstrated

elsewhere, and could be used as alternate components for Na. It is our expectation that Na

will typically be more abundant on a molar basis than Nb+Ta, and components like

NaCe~iNb07 would commonly result in negative concentrations. Conversely, uranium
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will always be more abundant than sodium resulting in positive concentrations for

NaUTizOT.

The concentrations of endmember components for impurity-free runs (Al, Ca, Ti, Ce, Gd,

Hf, and U only) are given in Table 5, and yield a well-defined average for the perovskite-

free samples. The major component is Cal,~UO,~TizOTwith a mole fraction of 0.47*0.05,

followed by roughly equal amounts of G~Tiz07, CaCeTiHfO,, CaUTiz07 with mole

fractions of 0.11-0.15. Ce,Ti,OT and CaHfTi,O, have mole fractions of 0.065 and 0.083,

respectively, and Ti#lz07 is negligible. This corresponds to an average baseline

pyrochlore composition of Cal,OjCeO,UG~,,~UO,~g~O,WTil,,g&,Ol~O,lOO,. The variations in

pyrochlore component compositions produced by impurity additions (Table 6) are easily

reconciled in terms of pyrochlore crystal-chemistry.

Sodium is associated with hexavalent uranium in the molecule NaUTizOT. The major

effect of sodium addition is to consume the quadravelent uranium-bearing component,

CaUTiz07. This is equivalent to oxidation of uranium that was discussed earlier.

The addition of calcium (as either oxide or fluoride) is reflected as an increase in

CaCeTiHfOv and decreases in CezTizOT and CaHi-Tiz07 that in some cases yield small

negative concentrations. By fixing cerium and hafnium in CaCeTiHfOT the remaining

components are relatively depleted, corresponding to a decrease in the concentrations of

CezTiz07 and CaHiTiz07. We have tried a number of other possible component sets in

combination with assumptions regarding the valence states of cerium and uranium, and

find no improvement over the components presented here for high-Ca pyrochlores.

The addition of Mg yields CaUTiMg07 with corresponding decreases in the other

uranium-bearing components, CaUTizOT and Cal,~UO~TizOT. The fixation of Ca in

CaUTiMgO, may also lead to small negative concentrations of CezTiz07 and CaHfTizO,

for reasons outlined for high-Ca samples above.
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Magnesium is the only divalent cation we believe to be incorporated on the T-site. The

effect of adding other divalent cations is best illustrated by the Ni-bearing runs. Here nickel

is incorporated as NiTi~OT, which requires 3 Ti/Ni atoms. The relatively high Ti content of

this component depletes the amount of Ti available to the other components, and is

reflected in negative concentrations for the remaining components with the highest Ti/M

ratios, CezTizOT and CaHfTizOT. G~Tiz07 is unaffected as it is the only Gal-bearing

molecule formulated. Minor improvement, i.e., smaller negative concentrations, can be

obtained by casting Ni as NiCeTizOT, NiH3TizOT or NiUTizOT where the ratio of Ti to Ni is

lower. However, if these components are to be used in formulating additives, NiTi~OT is

the prefened component as it will result in an excess of Ti that is buffered by rutile. The

other divalent cations will yield similar results.

Similar patterns are also produced by the addition of trivalent cations such as Cr, Fe,

Mn and Ga where ~Tiz07 components fix Ti and can yield concentrations for CezTizOT

and CallTizOT. Molecules based on more complicated substitutions, including

substitution of trivalent cations on the T-site help to reduce the concentrations of negative

components but are not as conservative with respect to the production of excess TiOz. For

instance, casting Fe as FeCeq (FeTi)07 virtually eliminates negative concentrations for the

Fe-bearing runs presented here.

The high-field strength cations

Since divalent cations are required

Mo, W and Nb all tie up Ca and to a lesser extent Ti.

to charge balance U% on the A-site, incorporation of

these elements should convert Cal,~UO~TizOTto CaUTizOv. This is best illustrated by

comparing the component concentrations for Mo- and W-bearing runs .(Table 6).

Tungsten is more compatible than molybdenum in pyrochlore and Cal,~UO~TizOTis

completely consumed in the W-bearing materials. CaCeTiHf07 is also decreased in the W-

bearing samples as it is the only Ca-beting component not specifically tied to a single

quadravlent cation other than Ti. Ca@zOT ties up Ca, but no Ti; addition of niobium
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consumes CaHfTizOT and increases the concentration of CaCeTiHfOT. Another possible

substitution for niobium could be as a replacement for Ti in Ca15U0.~TizOv,

Cal,~U0,~TiNb07. in which I-Jti is reduced to Uti. The consumption of U~ species is also

apparent when we apply these components (Table 4) to the impurity-bearing samples made

by ANSTO (Vance et al., 1999) (Table 7) in which Nb/Ta-bearing materials have negative

concentrations for Cal,~U0,~Tiz07.
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Figure 1. Saturation limits for various pyrochlore components in accessory phase

saturated assemblages synthesized at 1350°C in air. The components with “up arrows”

are not saturated with an accessory phase, and represent lower bounds.

The components in Table 4 have also been applied to pyrochlores from impurity-

bearing Pu-Hf-Ce ceramics synthesized at LLNL (Ebbinghaus et al, 2000) (Table 8). We

treat plutonium in a fashion identical to cerium, replacing CezTiz07 with PuzTizOT, etc. The
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results of the transformation for these compositions is excellent with few negative

concentrations and none on absolute magnitude greater than 0.033. It is also interesting to

note that the negative concentrations are observed almost exclusively for ~TizOT,. This is

consistent with Pu being present in a higher oxidation state than Ce at the same redox

conditions.

The saturation limits for the components in Table 4 in the nominal baseline pyrochlore,

Cal,05Ce@.zG%,zs U39Hf0.09TiS9~0.01 Hfo,lo07, are plotted in Figure 1. In cases where the

saturation limits were not exceeded a limiting value established from the highest

concentration measured is given (denoted by “up” arrows on figure). The composition of

additives for a particular wastestream can then be established as follows:

1.) Impurity fraction. Cast each of the impurities in its appropriate component and

determine the additives required to convert metals to these components.

2.)Baseline fraction. Determine additives to required to convert Pu to the nominal

baseline pyrochlore composition.

3.) Using the masses of the impurity and baseline fractions, determine the mole

fraction of each impurity and compare to limits in Figure 1. If a volubility limit is

exceeded, dilute mixture with additional baseline fraction additives to comply with

limits.

4.)Add rutile component to mixture to obtain desired rutile/pyrochlore ratio.
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6. Conclusions

The elements added to the baseline formulation can be divided into two somewhat

arbitrary groups – those for which the volubility limits in the baseline phase assemblage are

sufficiently low such that expected impurity levels stabilize an accessory mineral, and a

second group for which the volubility limits are high enough to allow the element to be

accommodated as a solid solution component within the four primary phases. The first

group includes FezO~, MgO, Al,O~, FeAl,O,, MgAl,O,, CaAlzO,, NiO, Cr20~, G%O,,

MoOJ, WO~ which all result in the formation of a crystalline accessory phase at synthesis

conditions between 1300- 1400°C. In addition, these components can also have significant

volubility in one of the baseline phases; divalent and trivalent cations typically stabilizing

hafnolite, while penta- and higher valence cations stabilize pyrochlore. FezOq may be the

most troublesome impurity as it leads to melting at 1350”C at the 10 wt% level. SiOz,

NaAISiOJ and PzO~ result in the formation of a grain boundary melt at synthesis

conditions, and PzO~ also stabilizes a crystalline, Ca-lanthanide phosphate. CaO, MnOz

and NbzO~ additions do not result in the formation of new phases. NbzO~ is highly soluble

in pyrochlore and no volubility limit was observed for the compositions investigated here.

CaO reacts with brannerite to form perovskite. MnO is enriched in pyrochlore, displacing

CaO which again reacts with brannerite to form perovskite.
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Appendix A. Starting Materials

Table 2. Starting materials

AlzO~

CaO

TiOz

HfOz

CeOz

G&Oj

FezO~

MnOz

MgO

SiOz

N%O

NiO

Cr,O,

G%Oj

Cuo

ZnO

P205

U02

Al(OH)~

CaCO~, CaFz

TiO, (rutile)

HfO,

(NJ&)zCe(NO~)G,CeOz
Gd(NO~)~.6HQ Gd2.03

Fez03

MnOz

MgO

SiOz

N%COq

NiO

Cr,03

G%03

Cuo

ZnO

NH4~Po4

UOz(NO~)z 6HZ0, UOZ
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At)~endix B. Probe standards

MgO

N%O

A120~

SiO,

P205

CaO

TiOz

CrzO~

MnO

NiO

G%OX

Nb205

MoOq

HfO,

Ce20~

G~O~

W03

U02

Natural Olivine

Natural Albite

Corundum

Natural Diopside

Natural Apatite

Natural Wollastonite

Rutile

Natural Chromite

Natural Spessartine Garnet

Synthetic Ni-olivine

Gadolinium Gallium Garnet

Nb metal

CaMoo,

Hf metal

CeOz

Gadolinium Gallium Game

W metal

Synthetic UOZ
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